1. Introduction {#sec1}
===============

Enzymatic detoxification of organophosphate pesticides and other pollutants is a modern, cost effective and environmental friendly technique for the removal of these chemical pollutants from contaminated sites \[[@bib1]\]. Recently, research is focused on the isolation of new enzymes/biocatalysts that exhibit stability against a wide range of environmental conditions (temperature, pH, salts etc.) in order to determine the potential use of enzymes in future applications.

Phosphatases belong to hydrolase enzymes and have been frequently applied against various compounds like OP pesticides, proteins, alkaloids and nucleotides in order to eradicate phosphate groups \[[@bib2]\]. Phosphotriesterase (PTE), also known as organophosphorus hydrolase (OPH) is the earliest isolated enzyme that has potential to hydrolyze a variety of OP compounds by breaking P--S and P--O linkages \[[@bib3]\]. These enzymes like OPH, OP acid anhydrolases (OPAA) and methyl parathion hydrolase (MPH), have been mostly derived from microorganisms including bacteria and have been proved very effective for elimination of OP pesticides \[[@bib4]\]. Phosphotriesterase isolated from *Flavobacterium* sp. was tested against a variety of OP pesticides and was found specific in its catalytic activity \[[@bib5]\]. Similarly, another much effective OP degrading enzyme related to OP hydrolases is OpdA originally extracted from *Agrobacterium radiobacter* \[[@bib6]\]. Though both OPDA and OPH have secondary structure resemblance, but they have different substrate specificities because of their difference in active site structure. OpdA usually selects substrates with smaller alkyl substituents. There is a theory that due to mutation in active site, OPH evolved to OpdA naturally \[[@bib7]\]. It was revealed by Gao *et al.* \[[@bib8]\] that immobilized OpdA was very efficient in removing methyl parathion from solution. The basic and most important step during breakdown of OP compounds is hydrolysis, which makes them more vulnerable for further microbial degradation \[[@bib9]\]. OP hydrolase and OPAA have been focus of most studies of organophosphorus degrading enzymes and can be used for the remediation of OP-polluted sites \[[@bib10]\]. In recent times, new much effective OP degrading enzymes known as Phosphotriesterase-Like-Lactonase (PLL) have been reported with extraordinary thermal stability. These enzymes were isolated from extremophilic/hyperthermophilic bacteria and archaea \[[@bib1]\]. Both phosphate monoesterases and diesterases belong to superfamily of alkaline phosphatase \[[@bib11]\]. Phosphatases are classified as acidic, neutral and alkaline, on the basis of optimum pH required for their catalytic action \[[@bib12]\]. These enzymes are capable of transforming insoluble organic phosphorous into soluble and available phosphorous during their active cellular metabolism, while their production has been reported by prokaryotes as well as eukaryotes \[[@bib13], [@bib14]\].

Therefore, an enzyme assay was designed to explore the potential of *Bacillus thuringiensis* MB497 to produce acidic, neutral and alkaline organophosphorus phosphatases (OPPs). Crude extracts of OPP enzymes were then optimized against different factors (pH, temperature, substrate concentrations, incubation time and metals) for their production, activity and stability. Bio-precipitation potential of OPP was also studied for different metals. Acidic and alkaline OPP were cross examined for their substrate specificity against Chlorpyrifos \[O, O-diethyl O-(3, 5, 6-trichloro-2-pyridinyl\] (CPF), Triazophos \[diethoxy-\[(1-phenyl-1, 2, 4-triazol-3-yl) oxy\]-sulfanylidene-λ^5^-phosphane\] (TAP) and Dimethoate \[2-dimethoxyphosphinothioylsulfanyl-N-methylacetamide\] (DM).

2. Materials and methods {#sec2}
========================

Three OP pesticides (CPF, TAP and DM) with 40% EC were supplied by "Four Brothers Agri services, Pakistan. Other chemicals used during this investigation were purchased from Sigma-Aldrich/Merck. National Botanical Research Institute\'s phosphate growth broth (NBRIP) was used for screening of bacteria for phosphate solubilization potential and adopted from Nautiyal \[[@bib15]\]. All experiments were conducted in triplicate to verify results.

2.1. Selection of microorganism {#sec2.1}
-------------------------------

Bacterial strain *Bacillus thuringiensis* MB497 (accession number KP886829) was selected on the basis of its previous tested capability to degrade OP pesticides (CPF, TAP and DM). Therefore, this strain was strong candidate for the presence of OP degrading phosphatases responsible for the cleavage of P--O--C bond of these pesticides.

### 2.1.1. Screening for phosphate solubilization potential of bacterial isolate {#sec2.1.1}

Bacterial strain MB497 was cultured in National Botanical Research Institute\'s phosphate (NBRIP) medium \[[@bib15]\] supplemented with calcium phosphate (as a substrate) and Agar-agar (1.5%) for an agar assay of phosphate solubilizing soil bacteria. Sterile toothpicks were used to inoculate bacterial strain on petri plates in triplicate and incubated at 37 °C for 10 days. At the end of given incubation period, bacterial potential to solubilize insoluble phosphate was measured by the solubilization index as given below \[[@bib16]\]:

### 2.1.2. Screening of extracellular organophosphorus phosphatase (OPP) and enzyme assay {#sec2.1.2}

Fresh bacterial culture (500 μl) of MB497 was inoculated in 30 ml NBRIP broth and grown to the late logarithmic phase for three days incubation followed by centrifugation at 3,000 rpm for 10 min. Then, supernatant was used to check the production of extracellular Organophosphorus Phosphatase (OPP) (acidic, neutral and alkaline) with the help of p-nitrophenyl phosphate (p-NPP) as a colorless substrate, which is converted into yellow end product (p-nitrophenol) after removal of phosphate group due to hydrolysis by OPP \[[@bib17]\]. Next, acidic, neutral and alkaline OPP activities were measured using buffer substrate mixtures which were prepared by dissolving 0.6 mg of p-nitrophenol phosphate/ml of respective buffer. For acidic, neutral and alkaline OPP, 0.1 M sodium acetate buffer (pH 5.2), 0.1 M sodium phosphate buffer (pH 7) and 0.1 M Tris HCl buffer (pH 9.5) were used respectively to dissolve substrate \[[@bib18], [@bib19]\]. Further, 3 ml of crude enzyme extract was mixed with 1 ml of respective buffer substrate (p-nitrophenyl phosphate) to prepare the reaction mixture followed by incubation at 37 °C for 20 min. The reaction was stopped by the addition of 1 ml of 1 N NaOH so as to increase pH of the reaction mixture. Both p-NPP and p-Np are colorless at acidic and neutral pH but at alkaline pH, p-nitrophenol so formed, becomes yellow in color. Enzyme activity was measured using a UV-VIS Spectrophotometer (BMS UV-160) at 405 nm \[[@bib20]\]. Amount of enzyme that liberates 1 nmol of p-nitrophenol per minute at 37 °C is equivalent to one unit (U) of OPP activity \[[@bib21]\]. The concentration of OPP produced was measured using standard curve of p-Nitrophenol ([Figure 1](#fig1){ref-type="fig"}) with the help of serial dilutions of p-NP (1--10 μg/l).Figure 1Standard curve for p-Nitrophenol.Figure 1

### 2.1.3. Screening of intracellular organophosphorus phosphatase (OPP) {#sec2.1.3}

Bacterial cell pellets were resuspended in 1 ml of phosphate buffer with pH 7 and cells were disrupted using silica/glass beads. The lysate was centrifuged at 30,000 g at 4 °C for 30 min to remove all cell debris and the supernatant was used as enzyme source for intracellular OPP activity \[[@bib22]\]. The 3 ml of this supernatant enzyme extract was mixed with substrate buffer mixture (1 ml) after various time intervals and incubated for 30 min. The reaction was stopped by adding 1 ml of 1 N NaOH. All the experiments were performed in triplicates.

2.2. Factors effecting the production of organophosphorus phosphatase (OPP) enzyme {#sec2.2}
----------------------------------------------------------------------------------

### 2.2.1. Effect of pH on OPP production {#sec2.2.1}

In order to study, the effect of pH on enzyme production, 24 h fresh bacterial culture (50 μl) was inoculated in 5 ml of NBRIP broth at different pH (6, 7, 8, 9, 10 and 11), supplemented with substrate p-NPP followed by incubation for 24 h at 37 °C. Earlier, before being autoclaved, pH of the medium was adjusted by 1 N HCl or 1 N NaOH. After incubation period, bacterial cultures were centrifuged at 3000 rpm for 10 min and supernatant was used for enzyme assay.

### 2.2.2. Effect of temperature on OPP production {#sec2.2.2}

Effect of temperature on OPP enzyme production was investigated by inoculating 50 μl of 24 h fresh bacterial cultures in 5 ml of NBRIP broth in test tubes followed by incubation at different temperatures (37, 45, 50 and 60 °C) at pH 7 in a rotary shaker for 24 h. Then, enzyme was extracted by centrifugation at 3000 rpm for 10 min. The supernatant was analyzed by using UV-VIS spectrophotometer at 405 nm for enzyme production.

### 2.2.3. Effect of incubation time on OPP enzyme production {#sec2.2.3}

Same procedure was repeated to study the effect of incubation time on the production of acidic, neutral and alkaline organophosphate phosphatase enzyme and reaction mixture was incubated at 37 °C in a rotary shaker at 120 rpm for different periods (24, 48 and 72 h) followed by steps as described above.

2.3. Factors affecting OPP activity {#sec2.3}
-----------------------------------

### 2.3.1. Effect of temperature on OPP activity {#sec2.3.1}

OPP activity was assayed at 37, 45, 50, 60 and 70 °C, while pH being maintained according to the acidic (pH 5.2), neutral (pH 7.0) or alkaline (pH 9.5) nature of enzyme. The enzyme activity was measured at 405 nm using UV-VIS Spectrophotometer as before immediately.

### 2.3.2. Effect of chemicals on OPP activity {#sec2.3.2}

In order to study the effect of different concentrations of SDS and EDTA on OPP activity, supernatant enzyme extract was mixed with substrate buffer and then augmented with SDS and EDTA (2.5, 5 and 7.5%) separately followed by incubation at 37 °C for 30 min. Enzyme activity was assayed using UV-VIS Spectrophotometer at 405 nm. Control was blank (without these chemicals).

### 2.3.3. Effect of metals on OPP activity {#sec2.3.3}

Similarly, the effect of different metals on the activity of acidic, neutral and alkaline OPP was checked by adding 2.5% of stock solutions of different metals (using their salts) like ZnSO~4~, CuSO~4~ and CdCl~2~ separately to enzyme substrate mixture followed by incubation at 37 °C for 30 min along with control (without metals). Enzyme activity was assessed using UV-VIS Spectrophotometer at 405 nm.

### 2.3.4. Effect of substrate concentration on OPP activity {#sec2.3.4}

The effect of substrate concentration on the activity of OPP was studied by using different substrate concentrations (0.06, 0.6, 0.8 and 1.1%) in the supernatant enzyme extract of phosphatases (acidic, neutral and alkaline) and then incubated for 30 min. Enzyme activity was measured with the help of UV-VIS Spectrophotometer at 405 nm.

### 2.3.5. Effect of incubation period on OPP activity {#sec2.3.5}

Likewise, enzyme activity at different incubation times of 30, 50, 70 and 90 min was investigated using p-NPP as substrate in the supernatant enzyme extract and then enzyme activity was monitored with the help of UV-VIS Spectrophotometer at 405 nm.

2.4. Metal bio-precipitation by OPP enzyme {#sec2.4}
------------------------------------------

Bio-precipitation capability of acidic, neutral and alkaline phosphatases was checked for different heavy metals i.e Ni^+2^, Cr^+6^, Mn^+2^ and Cd^+2^. For this purpose, reaction mixture was prepared by mixing buffer substrate mixture and extracellular phosphatase extract (supernatant) supplemented with respective metal ion stock solutions (1000 ppm) of Ni^+2^ (NiCl~2~), Cr^+6^ (K~2~Cr~2~O~7)~, Mn^+2^ (MnCl~2~) and Cd^+2^ (CdCl~2~) at different incubation times (60, 120 and 180 min). Amount of bio-precipitated metal was measured by calculating the decline in the concentration of respective metal content in the supernatant before and after incubation using Atomic Absorption Spectrometer (AAS Shimadzu AA 7000), with the help of equation given by Chaudhury *et al.* \[[@bib22]\]:Where,X = % of metal precipitatedA = Initial metal concentration in the aliquotB = Final metal concentration in the aliquot

2.5. Substrate specificity of OPP enzyme against OP pesticides (CPF, TAP and DM) {#sec2.5}
--------------------------------------------------------------------------------

The substrate specificity of OPP was cross checked against different OP insecticides (Chlorpyrifos, Dimethoate and Triazophos) by measuring the OPP activity against 50 mg/l of respective pesticides after 30 min of incubation at 37 °C followed by HPLC analysis \[[@bib23], [@bib24]\]. For this purpose, High-performance liquid chromatography (HPLC Shimadzu) LC-20AT equipped with a UV-Visible detector (SPD-20A) and a C18 column (0.46 × 15 cm) was used. Samples were filtered by syringe filters (0.45 μm) and directly analyzed by HPLC according to conditions given below in [Table 1](#tbl1){ref-type="table"} for each pesticide respectively.Table 1HPLC conditions used for the analyses of Chlorpyrifos, Triazophos and Dimethoate degradation by OPP.Table 1HPLC parametersTAPCPFDMIsocratic mobile phaseAcetonitrile and water (80:20)Acetonitrile and water (70:30)Acetonitrile and water (60:40)Detection wavelength270 nm280 nm221 nmInjection volume10 μl10 μl15 μlFlow rate1.0 ml/min1.0 ml/min1.0 ml/minOven temperature40 °C40 °C30 °CProtocol followed with modification\[[@bib25]\]\[[@bib26]\]\[[@bib27]\]

As neutral OPP production was negligible by the isolates, only acidic and alkaline OPP were tested for substrate specificity. During HPLC investigation, the concentration of OP pesticide (mg/l) was measured by comparing peak areas in the chromatogram of enzyme reaction sample with that of the peak area of standard pesticide chromatogram as given below in [Eq. (2)](#fd2){ref-type="disp-formula"} \[[@bib28]\]:

The OP pesticide degradation (%) was then calculated using the following equation \[[@bib29]\]:Where,

B = Pesticide degradation. Cb = the concentration of OP pesticide (mg/l) residues left in the medium containing OPP enzyme. Ca = the initial concentration of OP pesticide (mg/l) supplemented to the enzyme reaction.

3. Results {#sec3}
==========

3.1. Screening for phosphate solubilization potential of *Bacillus thuringiensis* MB497 {#sec3.1}
---------------------------------------------------------------------------------------

Isolate MB497 formed clear zones of phosphate solubilization and its phosphate solubilization potential was measured using phosphate solubilization index ([Table 2](#tbl2){ref-type="table"}).Table 2Phosphate solubilization Index (PSI) of bacterial isolate MB497.Table 2Incubation periodPSIDay 32.5Day 63.0Day 93.8

3.2. Screening for extracellular organophosphorus phosphatase (OPP) production by *Bacillus thuringiensis* MB497 {#sec3.2}
----------------------------------------------------------------------------------------------------------------

There was less production (4.21 u/ml) of neutral phosphatase in contrast to acidic (18.68 u/ml) and alkaline phosphatases and maximum production (22.32 u/ml) of alkaline phosphatase (ALP).

3.3. Screening of intracellular organophosphorus phosphatase (OPP) production in *Bacillus thuringiensis* MB497 {#sec3.3}
---------------------------------------------------------------------------------------------------------------

Among the intracellular phosphatases, more and equal production (3.44 u/ml) of alkaline and acidic OPP followed by neutral (3.16 u/ml) was observed. However, the intracellular OPP production and activity was much reduced as compared to extracellular phosphatases, therefore, enzyme assay was further carried out using only extracellular phosphatases.

3.4. Factors affecting the production of extracellular OPP by *Bacillus thuringiensis* MB497 {#sec3.4}
--------------------------------------------------------------------------------------------

### 3.4.1. Effect of pH on extracellular OPP production {#sec3.4.1}

PP production was highest at pH 11 by MB497. There was gradual increase in OPP enzyme production with increase in pH from 6 to 11 ([Figure 2](#fig2){ref-type="fig"} a).Figure 2Organophosphorus phosphatase production by bacterial strain MB497 at different pH (a) and at different temperatures (b). Error bars represent standard errors for values of three sample replicates.Figure 2

### 3.4.2. Effect of temperature on extracellular OPP production {#sec3.4.2}

Strain MB497 exhibited maximum OPP enzyme production (65.16 u/ml) at 50 °C. Minimum enzyme production (3.10 u/ml) was observed at 37 °C ([Figure 2](#fig2){ref-type="fig"}b).

### 3.4.3. Effect of incubation time on OPP production {#sec3.4.3}

Alkaline and acidic OPP production by strain MB497 was maximum after 72 h, while neutral OPP was produced maximum after 24 h ([Figure 3](#fig3){ref-type="fig"}).Figure 3Organophosphorus phosphatase production by bacterial strain MB497 at different incubation periods. Error bars represent standard errors for values of three sample replicates.Figure 3

3.5. Factors affecting organophosphorus phosphatase (OPP) activity {#sec3.5}
------------------------------------------------------------------

### 3.5.1. Effect of temperature on OPP activity and stability {#sec3.5.1}

Significant enzyme activity and stability was noticed over a broad range of temperatures (37, 45, 50, 60 and 70 °C). There was less enzyme activity at higher temperatures but still active even at 70 °C. In strain MB497 maximum acidic and alkaline OPP activity was observed at 37 °C while neutral OPP was most active at 50 and 60 °C respectively.

### 3.5.2. Effect of substrate (p-NPP) concentration on OPP activity {#sec3.5.2}

In MB497, maximum acidic OPP activity was noticed at 0.6%, whereas neutral and alkaline OPP were most active at 0.8 and 0.06% of substrate (p-NPP) respectively.

### 3.5.3. Effect of incubation time on OPP activity {#sec3.5.3}

In strain MB497, maximum acidic, neutral and alkaline OPP activity was observed after 70 min of incubation time ([Figure 4](#fig4){ref-type="fig"}).Figure 4Effect of incubation period on activity of Organophosphorus phosphatase produced by bacterial strain MB497. Error bars represent standard errors for values of three replicates.Figure 4

3.6. Study of stimulatory or inhibitory effect of chemicals (SDS, EDTA and metals) on OPP activity {#sec3.6}
--------------------------------------------------------------------------------------------------

### 3.6.1. Effect of SDS on OPP activity {#sec3.6.1}

Acidic OPP activity increased at all given concentrations of SDS after 30 min of incubation period, whereas, neutral OPP activity was observed to enhance in SDS concentrations up to 2.5%, followed by inhibition at higher concentrations. On the other hand, alkaline OPP activity was not affected by SDS at all concentration.

### 3.6.2. Effect of EDTA on OPP activity {#sec3.6.2}

Acidic, neutral and alkaline OPP activities were inhibited at all given concentrations of EDTA (2.5, 5 and 7.5%) after 30 min of incubation period.

### 3.6.3. Effect of metals on OPP activity {#sec3.6.3}

Activities of acidic, neutral and alkaline OPP were greatly enhanced by all the metal ions used. In case of alkaline OPP activity, there was more stimulation by Cu^++^. Similarly, activity of neutral OPP was largely enhanced by Cd^++^, while there was only little promotion of acidic OPP activity by all the metals.

3.7. Metal bio-precipitation by OPP {#sec3.7}
-----------------------------------

In case of acidic, neutral and alkaline OPP extracted from MB497, significant bio-precipitation of different metals including Ni^++^ (94--98%), Mn^++^ (93--99%), Cr^++^ (86--90%) and Cd^++^ (99--100%) was observed within 180 min of incubation times.

3.8. Substrate specificity of OPP for CPF, TAP and DM {#sec3.8}
-----------------------------------------------------

Acidic OPP was less active as there was less degradation of CPF, TAP and DM (70.5, 65.5 and 61% respectively) as compared to alkaline OPP which showed 94.6, 93 and 81% degradation of CPF, TAP and DM respectively ([Figure 5](#fig5){ref-type="fig"}).Figure 5Degradation of OP pesticides by acidic and alkaline OPP extracted from strain MB497 as analyzed by HPLC after 30 min of incubation. Error bars represent standard errors for values of three replicates.Figure 5

HPLC chromatograms for degradation of TAP (RT = 2.4 min), CPF (RT = 5.4 min) and DM (RT = 2.9 min) by alkaline OPP extracted from isolate MB497 have been demonstrated in Figures [6](#fig6){ref-type="fig"}, [7](#fig7){ref-type="fig"}, and [8](#fig8){ref-type="fig"}.Figure 6HPLC chromatograms showing degradation of 50 mg/l of TAP (RT = 2.4 min) by alkaline OPP after 30 min of incubation. a). Control, b). MB497.Figure 6Figure 7HPLC chromatograms showing degradation of 50 mg/l of CPF (RT = 5.4 min) by alkaline OPP after 30 min of incubation. a). Control, b). MB497.Figure 7Figure 8HPLC chromatograms showing degradation of 50 mg/l of DM (RT = 2.9 min) by alkaline OPP after 30 min of incubation. a). Control, b). MB497.Figure 8

4. Discussion {#sec4}
=============

Phosphate solubilizing activity by 6 bacterial isolates was reported by Islam *et al.* \[[@bib30]\]. In general, if more is the intensity of dissolved phosphate, then, greater is the phosphatase production as there is positive correspondence between the two activities \[[@bib31]\]. Bacterial requirements for inorganic phosphorus are fulfilled by the removal of phosphorus from organophosphate and phosphonate sources. Alkaline phosphatase has been considered as the most active dephosphorylating enzymes in the periplasmic space thus coping with the cell demand of inorganic phosphorus \[[@bib32]\]. Alkaline phosphatases usually exhibit maximum catalytic activity at pH 8 or above \[[@bib33]\]. Alkaline phosphatase (isolated from *Rhizobium*) was reported to have a broad range of pH optimum (6.8--11.8) with maximum activity at pH 9.8 \[[@bib34]\]. Similarly, ALP isolated from *Pyrococcus abyssi* was reported to work best at pH 11 \[[@bib35]\]. Earlier, optimum production of extracellular alkaline OPP (derived from *Proteus mirabilis*) within 28 h incubation time was reported \[[@bib36]\].

Earlier, alkaline phosphatases from two bacterial strains (*Escherichia coli and Alcaligenes faecalis*) was reported to show activity at 80 and 45 °C respectively \[[@bib37], [@bib38]\]. Similarly, Shah *et al.* \[[@bib39]\] reported maximum activity of alkaline phosphatase at 37 °C followed by decrease at higher temperatures. At higher temperatures, kinetic energy of the protein molecules in enzyme structure is amplified, thus breaking the bonds between the active amino acids, leading to loss of enzyme activity \[[@bib40]\]. According to Danial and Alkhalf \[[@bib41]\], the optimum temperature and pH for the acid phosphatase activity was 60 °C and 5.0 respectively. Moreover, the enzyme activity was enhanced by metals like Fe^3+^, Cu^2+^, Ca^2+^, Mg^2+^ and K^+^ but was strongly inhibited by Zn^2+^. It was revealed that alkaline phosphatase exhibited greater substrate specificity for p-nitro phenyl phosphate and showed more activity with the increased substrate concentration \[[@bib37], [@bib42]\]. According to Mori *et al.* \[[@bib43]\], alkaline phosphatases are considered as metalo-dependent enzymes, especially associated with Zn and Mg for their improved activity and stability. It was revealed that Hg^2+^, Cu^2+^, and Cd^2+^ inhibited *E. coli* ALP, while Co^2+^ had little promoter effect, whereas divalent alkaline earth metals (like Ca^2+^ and Mg^2+^), stimulated the enzyme activity \[[@bib44]\]. Current advanced industrialization has led to serious environmental metal pollution. Major challenge is to extract preferred/selected metals from such waste metal residues. Secondly, effective immobilization of metal pollutants is required to stop groundwater contamination \[[@bib45]\]. At present, biotechnology has been successfully used for bio-precipitation/recovery of even very low concentrations of heavy metals (as metal phosphates) \[[@bib46]\]. Effective bio-precipitation of metals (including uranium and cadmium) have been revealed, using acid phosphatase extracted from bacterial strains in an acidic-to-neutral pH range \[[@bib47], [@bib48], [@bib49]\]. Likewise, Appukuttan *et al.* \[[@bib50]\] demonstrated the bio-recovery of uranium from acidic or neutral wastes by a nonspecific acid phosphatase, which was extracted from genetically engineered radio-resistant bacterium (*Deinococcus radiodurans* R1). Recently, CIAP mediated bioremediation (white biotechnology) has been used for the bioremediation of soils and industrial effluents polluted with heavy metals \[[@bib22]\]. Extracellular alkaline phosphatase (derived from recombinant *Escherichia coli*) was able to precipitate more than 90% of initial uranium within less than 2 h under alkaline condition \[[@bib51]\]. Similar to current study results, Chaudhuri *et al.* \[[@bib22]\] reported highest (80.99%) removal of Cd^2+^ followed by Ni ^2+^ (64.78%) \> Cr ^3+^ (46.15%) \> Co ^2+^ (36.47%) \> Cr ^6+^ (32.33%) by calf intestinal alkaline phosphatase (CIAP) enzyme. Further, they revealed greater metal precipitation at pH 11 and at lower initial metal concentration (250 ppm).

In recent times, enzyme technology has been effectively used for the degradation of pesticides as a tool of bioremediation \[[@bib52]\]. Being a class of hydrolases, phosphatase enzyme is able to hydrolyze its substrate, thus cleaves a phosphoric acid monoester into a phosphate ion and an alcohol \[[@bib53]\].

It was reported previously that there was 50 and 85% degradation of 10 ppm CPF by intracellular alkaline phosphatase (extracted from *Spirulina* sp.) after 1 and 2 h of incubation respectively \[[@bib54]\]. Tang and You \[[@bib55]\] demonstrated degradation of TAP (84.4%) by intracellular extracts of Triazophos hydrolase derived from *Bacillus* sp. TAP-1 respectively within 1 h of incubation and suggested that the expression was constitutive. Similarly, Gothwal *et al.* \[[@bib56]\] reported organophosphorus hydrolase (OPH) extracted from *Brevundimonas diminuta* capable of degrading methyl parathion up to 500 μM. There was 44 and 78% degradation of 100 ppm CPF by 25 and 50 μl of ALP respectively after 1 h of incubation \[[@bib57]\]. Similarly, phosphatase production by the bacterial strains was positively correlated with increased degradation of five OP pesticides in skimmed milk by using ten lactic acid bacteria \[[@bib58]\]. The growth of phosphate solubilizing microorganisms along with acid and alkaline phosphatase activities of the soil were significantly improved by the incorporation of the OP pesticides in soil, displaying more availability of water-soluble phosphorus in soil \[[@bib59]\].

5. Conclusion {#sec5}
=============

Present study proved that bacterial strain MB497 was phosphate solubilizing as well as capable of producing extracellular acidic, neutral and alkaline phosphatases. Three types (acidic, neutral and alkaline) of OPP were recorded to be active and stable over a wide range of pH, temperature, substrate (p-NPP) concentrations, metal ions and different chemicals like SDS and EDTA. Moreover, these enzymes unveiled great potential for bio-precipitation of different metals like Ni, Mn, Cd and Cr. Lastly, acidic and alkaline OPP exhibited a comprehensive substrate specificity against three OP pesticides (CPF, TAP and DM) with significant degradation as analyzed by HPLC. Therefore, current study results strongly recommend application of this strain and/or its phosphatase enzymes for bioremediation of soil and water resources contaminated with OP pesticides and heavy metals.
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